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through the sequential action of two reg-
ulatory networks, the FEAR (Cdcfourteen 
early anaphase release) network and the 
MEN (mitotic exit network) (Stegmeier 
and Amon, 2004). Although the com-
ponents of both pathways are not fully 
conserved in humans, the initiation and 
maintenance of released Cdc14 in bud-
ding yeast depend on the Plk1 homolog 
Cdc5. By activating APC/CCdh1, which in 
turn promotes the degradation of Cdc5, 
Cdc14 triggers its own inactivation (Vis-
intin et al., 2008). It is possible that a sim-
ilar mechanism underlies the Cdc14B-
mediated DNA-damage response. If 
Plk1 proves to be important for the 
release of Cdc14B in the DNA-damage 
response, then the same circuitry could 
govern both the entry and exit from the 
G2 cell-cycle block as Cdc14 inactiva-
tion could then allow for the accumula-
tion of Plk to promote cell-cycle reentry. 
The work by Bassermann et al. suggests 
broader roles for both Cdc14 and APC/
CCdh1 in the regulation of the cell cycle, 
thus shedding light on an interesting new 
pathway in the cellular response to DNA 
damage.
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The transcriptional activator CLOCK is a histone acetyltransferase that is required for the circadian 
expression of many genes. Asher et al. (2008) and Nakahata et al. (2008) now demonstrate that the 
NAD+-dependent enzyme SIRT1 functions as a histone deacetylase that counteracts the activity 
of CLOCK. These results broaden our understanding of the impact of cellular metabolism on the 
circadian system.The discovery that the transcriptional 
activator CLOCK functions as a his-
tone acetyltransferase (HAT) (Doi et al., 
2006) has implicated chromatin remod-
eling in the circadian regulation of gene 
expression. In this sense, the existence 
of a histone deacetylase (HDAC) that 
counteracts the HAT activity of CLOCK 
could perhaps have been anticipated. 
However, not all deacetylases achieve 
their goal in the same way, and this is in 
part why the work by Asher et al. (2008) 
and Nakahata et al. (2008) presented in 
this issue is of such compelling interest. 212 Cell 134, July 25, 2008 ©2008 Elsevier IBoth groups show that the HDAC SIRT1 
is involved in regulating the amplitude 
of circadian clock-controlled gene 
expression. Mammalian SIRT proteins 
(homologs of Saccharomyces mat-
ing type cassette regulator Sir2p) use 
energy stored in nicotinamide adenine 
dinucleotide (NAD+) to catalyze the 
removal of the acetyl group from sub-
strates (Sauve et al., 2006). Given that 
cellular NAD+ levels are coupled to 
metabolic activity, the identification of 
SIRT1 as a histone deacetylase that 
counteracts CLOCK function brings this nc.protein with its extensive connections, 
both to aging and energy metabolism, 
into the circadian fold.
Analysis of the molecular basis of the 
circadian rhythm in the fruit fly Droso-
phila, the fungus Neurospora, mice, and 
human cells in culture has revealed at its 
core a common architecture, a transcrip-
tion-translation feedback loop in which a 
heterodimeric transcription factor, whose 
parts interact via PAS domains, drives the 
expression of proteins that turn down the 
activity of their heterodimeric activator. In 
mammalian cells, the transcriptional acti-
figure 1. the circadian Rhythm of Acetylation and deacetylation
During the activation phase, CLOCK-BMAL1 is associated with the E-box promoter element and CLOCK 
mediates acetylation of histone tails. BMAL1 then becomes acetylated and recruits PER2-CRY1. PER2 
is acetylated and curtails the activation phase. Systematic NAD+-dependent deacetylation by SIRT of 
histones, BMAL1, and finally PER2 facilitates the establishment of a repressive chromatin state. For 
simplicity, SIRT1 is shown only when active.vator complex is composed of CLOCK 
and BMAL1, which drive expression of the 
negative regulators, two PER and two CRY 
proteins. Targets of CLOCK-mediated 
HAT activity include both histones H3 and 
H4 (Doi et al., 2006) and BMAL1 (Hirayama 
et al., 2007), all of which display cycles in 
acetylation. PER2 is now reported to be 
cyclically acetylated, a modification that 
may also be dependent on CLOCK (Asher 
et al., 2008). Importantly, PER2 (Asher et 
al., 2008) and possibly BMAL1 (Nakahata 
et al., 2008) appear more stable when 
acetylated. Both the acetylase CLOCK 
and the deacetylase SIRT1 associate with 
BMAL1 as well as with each other, so in 
this light SIRT1 may be a point through 
which changes in cellular energy metabo-
lism impact the functioning of the clock. 
Indeed, SIRT1 activity also cycles (peak-
ing in the early evening), confirming the 
potential for a rhythmic input to the cir-
cadian clock.
Because mice homozygous for SIRT1 
deletions fail to thrive, analysis of the 
functional significance of SIRT1 required 
ingenuity. To address this problem, both 
groups made imaginative use of mouse 
embryonic fibroblasts from knockout 
mice as well as dominant-negative and catalytically dead proteins and potent 
inhibitors. Through these analyses, 
the rhythm in SIRT1 activity is credited 
with driving the rhythms in BMAL1, H3, 
and PER2 acetylation. Moreover, SIRT1 
activity influences the amplitude of a 
variety of molecular rhythms in clock 
gene and clock-controlled gene expres-
sion including that of Bmal1, Per2, Dbp, 
Rorγ, and Cry1. Significantly though, nei-
ther the cycling of SIRT1 nor its activity 
is required for the core circadian rhythm 
per se. Although this might seem unex-
pected at first glance, it is perhaps not 
entirely a surprise: circadian rhythms are 
noted for the degree to which they are 
compensated against changes in tem-
perature, nutrition, or metabolism.
Is there a common means through 
which the ying and yang of CLOCK and 
SIRT1 might be functioning? It is per-
haps too soon to tell; there are a suffi-
cient number of differences in the details 
of both studies to animate journal clubs 
until the seasons change. For instance, 
an obvious difference is whether it is 
the amount of SIRT1 or its activity that 
changes with time, a distinction that may 
be traceable to extraction conditions, and 
the reports also differ in the response of Cellgene expression to loss of SIRT1. Yet, 
when the dust settles it will be the com-
monalities between the studies that have 
staying power. Indeed, an attractive way 
to embrace the data is by assimilating it 
into the emerging role of chromatin struc-
ture and remodeling in facilitating clock-
regulated gene expression. The first hint 
of this mode of regulation emerged at 
the beginning of the millennium with the 
observation that serine 10 on H3 was 
phosphorylated in response to light in 
the suprachiasmatic nucleus (SCN), a 
region of the hypothalamus that con-
trols, among other things, overt circadian 
rhythms in locomotor activity (Crosio et 
al., 2000). That observation was followed 
by reports of rhythmic acetylation of his-
tones, perhaps controlled by CBP/p300 
(Curtis et al., 2004; Etchegaray et al., 
2003), and the more recent description 
of CLOCK’s intrinsic HAT activity (Doi et 
al., 2006), the targets of which were later 
expanded to include BMAL1 (Hirayama 
et al., 2007). Apparent clock-controlled 
repressive effects on gene expression 
include histone methylation. For exam-
ple, at the clock-controlled dbp locus, 
H3K9me2 and the binding of HP1 are 
rhythmic with peaks occurring during the 
repressive phase, supporting the notion 
of circadian-regulated facultative het-
erochromatin (Ripperger and Schibler, 
2006). In contrast, Per2 appears to be 
repressed through methylation of his-
tone H3 lysine 27 by the polycomb group 
protein EzH2 (Etchegaray et al., 2006). 
Integrating the action of SIRT1 into this 
picture suggests the simplified model 
depicted in Figure 1. CLOCK and BMAL1 
bind to E boxes, leading to subsequent 
acetylation of histone H3 and H4 (pre-
sumably by both CLOCK and CBP/p300). 
CLOCK then acetylates BMAL1, a modifi-
cation that potentiates its binding by the 
repressive PER/CRY complex (Hirayama 
et al., 2007). Once PER2 is in the com-
plex, it too becomes acetylated (Asher 
et al., 2008). SIRT1 then enters (or if it is 
already there becomes activated), com-
mencing the deacetylation of BMAL1, 
histones, and PER2. Here, metabolic 
activity leading to changes in NAD+ lev-
els might also impact the cycle leading to 
faster or more thorough deacetylation, in 
effect controlling robustness. This leads 
to the establishment of a repressive chro-
matin state, which is controlled in part  134, July 25, 2008 ©2008 Elsevier Inc. 213
by histone methylation (Etchegaray et 
al., 2006; Ripperger and Schibler, 2006). 
When the repressive state needs to be 
undone for the next round of activation 
and acetylation, PER2 would become the 
target of SIRT1, leading to its deacetyla-
tion and destabilization. The loss of PER2 
might provide a means by which SIRT1 is 
titrated away from the chromatin, setting 
the stage for a new cycle. In accord with 
the results published by both groups in 
this issue, the loss of SIRT1 in this cycle 
would lead to changes in the amplitude 
but not in rhythmicity of the circadian 
clock.214 Cell 134, July 25, 2008 ©2008 Elsevier InRefeRences
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